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In this work, we carry out the study on Υ(5S ) → χbJω (J = 0, 1, 2) by considering the hadronic loop
mechanism. Our results show that the Belle’s preliminary data of the branching ratios for Υ(5S ) → χbJω can be
well reproduced in our calculation with a common parameter range, which reflects the similarity among these
Υ(5S ) → χbJω decays of concern.
PACS numbers: 13.25.Gv, 12.38.Lg
In the past years, the Belle Collaboration has reported some
novel phenomena relevant to the hidden bottom decays of
Υ(5S ). In Ref. [1], Belle indicated that the partial decay
widths of Υ(5S ) → Υ(nS )π+π− are 102 times larger than
those of Υ(mS ) → Υ(nS )π+π−, where n,m = 1, 2, 3 and
m > n, which is the puzzle in the Υ(5S ) hidden-bottom di-
pion decays. There are two possible explanations for this
puzzle. One is that this large decay width can result from
the rescattering mechanism, where the hadronic loop com-
posed of the charmed mesons plays an important role [2, 3].
Another possibility is that there is a tetraquark state Yb near
Υ(5S ). According to this assumption, Ali et al. also studied
the π+π− invariant mass spectrum and the cos θ distribution
of Yb → Υ(1S , 2S )π+π−. They claimed that the experimental
data can be well described under this explanation. However,
as indicated in Ref. [4], the result of Yb → Υ(2S )π+π− is not
consistent with the corresponding experimental data. That is,
in their calculation of Yb → Υ(2S )π+π−, they can describe
π+π− data. If taking the same parameters to produce the cos θ
distribution, however, we found that the obtained cos θ dis-
tribution cannot fit the experimental data. Furthermore, in
Ref. [5], the authors also studied Υ(5S ) → Υ(1S , 2S )π+π− by
the rescattering mechanism, where the interference effect was
considered. They met the same problem when fitting the ex-
perimental data of Υ(5S ) → Υ(2S )π+π−. Thus, a new puzzle
was proposed in Ref. [5]. Later, two charged bottomonium-
like structures Zb(10610) and Zb(10650) were reported by
Belle [6], which also stimulated the authors in Ref. [5] to
find the relation between the observed Zb structures and the
solution to this new puzzle. If introducing the intermediate Zb
contributions in Υ(5S ) → Υ(2S )π+π−, the new puzzle men-
tioned above can be nicely solved, which also results in the
observation of the initial single pion emission mechanism in
Ref. [7] to explain why there are two charged Zb structures
near the B ¯B∗ and B∗ ¯B∗ thresholds. More theoretical predic-
tions of charged charmounium-like structures around the D ¯D∗
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and D∗ ¯D∗ threshold were, of course, given in Ref. [8].
The studies cited above show that the hadronic loop mech-
anism, as an important non-perturbative QCD effect, is indeed
important toΥ(5S ) decays. Before applying the hadronic loop
mechanism to study the Υ(5S ) decays, this mechanism was
extensively applied to study the decays of the higher bottomo-
nium and charmonium in Refs. [9–14] and achieved great suc-
cesses.
Very recently, Belle announced their observation of
Υ(5S ) → χbJω (J = 0, 1, 2), which indicates that the
Υ(5S ) → χbJω decays also have large decay widths; i.e., the
measured branch ratios of Υ(5S ) → χbJω are < 3.4 × 10−3,
(1.64 ± 0.23+0.30−0.22) × 10−3, and (0.57 ± 0.22 ± 0.07) × 10−3
with J = 0, 1, 2, respectively [15, 16]. It should be no-
ticed that even though the tree-level contributions to Υ(5S ) →
χbJω (J = 0, 1, 2) should be strongly suppressed due to the
Okubo-Zweig-Iizuka rule, such large decay widths are ob-
served, which again inspires our interest in understanding
such quantities. In this work, we propose that the contribu-
tion from the hadronic loop should be considered in studying
Υ(5S ) → χbJω. To give a quantitative answer, we perform
the concrete calculation, which is illustrated in the following.
This investigation can, of course, provide a good test of the
hadronic loop mechanism.
Υ(5S ) as a higher bottomonium is above the threshold of
a pair of bottom mesons, where Υ(5S ) mainly decays into
B(∗) ¯B(∗), which means that there exists the strong coupling be-
tween Υ(5S ) and a bottom meson pair. Thus, the hadronic
loop effect can play an important role in the decay of Υ(5S ),
as just briefly reviewed above. Under the hadronic loop mech-
anism, these discussed Υ(5S ) → χbJω processes occur via
the intermediate B(∗) meson loops. In Fig. 1, the diagrams
describing the Υ(5S ) → χbJω decays are given, where an in-
termediate bottom meson pair can transit into final states χbJω
by exchanging a proper bottom meson. Instead of the hadronic
description for Υ(5S ) → χbJω, we can give a quark level de-
scription of the hadronic loop contribution in Fig. 2. Here,
a fermion line in red denotes bottom quark while a blue line
corresponds to the light quark. Υ(5S ) first dissolves into two
virtual bottom mesons and then this bottom meson pair can
turn into χbJω via an exchange of an appropriate bottom me-
son. The matrix element of Υ(5S ) → χbJω via hadronic loop
2effect can be depicted as
M(Υ(5S ) → χbJω) =
∑
j
〈χbJω|H2| j〉〈 j|H1|Υ(5S ). (1)
The corresponding description at the hadron level is listed in
Fig. 1.
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FIG. 1: The necessary diagrams depicting Υ(5S ) → χbJω decays
under the hadronic loop effect.
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FIG. 2: The quark level diagram depicting Υ(5S ) → χbJω decay
under the hadronic loop effect.
In the heavy quark limit, the wave function of a heavy-
light meson is independent of the flavor and spin of the heavy
quark; therefore, this wave function can be characterized by
the angular momentum of the light degrees of freedom, which
is ~sℓ = ~sq + ~ℓ. Each value of sℓ = |~sℓ| corresponds to a de-
generate doublet of states with the total angular momentum
J = sℓ ± 1/2. For the bottom meson with ℓ = 0, the dou-
blet formed by the bottom pseudoscalar and vector meson is
represented in [17–20],
H(Qq¯) =
1 + /v
2
[
B∗µγµ − Bγ5
]
. (2)
For the heavy quarkonium, the degeneracy is expected un-
der the rotations of the two heavy quark spins, although the
heavy quark flavor symmetry does not hold any more. This
allows heavy quarkonium with the same angular momentum ℓ
to form a multiplet. For the bottomonia with ℓ = 0, ηb and Υ
form a doublet in the form
R(Q ¯Q) =
1 + /v
2
[
Υµγµ − ηbγ5
] 1 − /v
2
. (3)
In a similar way, a spin multiplet corresponding to the P-wave
bottomonia is,
P(Q ¯Q)
µ
=
1 + /v
2
[
χ
µα
b2γα +
1√
2
εµαβγvαγβχb1γ
+
1√
3
(
γµ − vµ)χb0 + hµbγ5]1 − /v2 . (4)
With these multiplets, we can construct the general form
of the coupling between heavy quarkonium and heavy meson.
The related effective Lagrangians involved in the present work
are [19]
Ls = igTr
[
R(Q ¯Q) ¯H( ¯Qq)γµ
↔
∂µ ¯H(Qq¯)
]
+ H.c.,
Lp = ig1Tr
[
P(Q ¯Q)µ ¯H( ¯Qq)γµ ¯H(Qq¯)
]
+ H.c., (5)
where H( ¯Qq) represents the heavy-light meson containing a
heavy antiquark ¯Q, which can be obtained by applying the
charge conjugation operation to H(Qq¯). Expanding the above
Lagrangians, we can obtain the following effective couplings:
LΥ(5S )B(∗)B(∗) = −igΥ(5S )BBΥµ(∂µBB† − B∂µB†)
+gΥ(5S )B∗Bεµναβ∂µΥν(B∗α
↔
∂β B† − B
↔
∂β B∗†α )
+igΥB∗B∗Υµ(B∗ν∂νB∗†µ − ∂νB∗µB∗†ν − B∗ν
↔
∂µ B∗ν†),
(6)
LχbJB(∗)B(∗) = −gχb0BBχb0BB† − gχb0B∗B∗χb0B∗µB∗µ†
+igχc1BB∗χ
µ
b1(B∗µB† − BB∗†µ )
−gχb2BBχµνb2∂µB∂νB† + gχb2B∗B∗χ
µν
b2B∗µB∗†ν
−igχb2B∗Bεµναβ∂αχµρb2(∂ρB∗ν∂βB† − ∂βB∂ρB∗ν†),
(7)
LB(∗)B(∗)V = −igBBVB†i
↔
∂
µ
B j(Vµ)ij − 2 fB∗BVεµναβ
×(∂µVν)ij(B†i
↔
∂
α
B∗β j − B∗β†i
↔
∂
α
B j)
+igB∗B∗VB∗ν†i
↔
∂
µ
B∗ jν (Vµ)ij
+4i fB∗B∗VB∗†iµ (∂µVν − ∂νVµ)ijB∗ jν , (8)
whereV is the matrix of the vector octet, which is in the form
V =

1√
2
(ρ0 + ω) ρ+ K∗+
ρ− 1√
2
(−ρ0 + ω) K∗0
K∗− ¯K∗0 φ
 , (9)
3With the above effective Lagrangian, we can write out
the amplitudes of hadronic loop contributions to Υ(5S ) →
χbJω (J = 0, 1, 2). For Υ(5S ) → χb0ω, the amplitudes cor-
responding to Fig. 1 (a-1)-(a-4) are
M(a−1) =
∫ dq
(2π)4
[
igΥBBǫµΥ(ip1µ − ip2µ)
][
− igBBVǫνω(−ip1ν
−iqν)
][
− gχb0BB
] 1
p21 − m2B
1
p22 − m2B
F 2(Λ)
q2 − m2B
, (10)
M(a−2) =
∫ dq
(2π)4
[
gΥB∗Bερµαβ(−ipρ0)ǫµΥ(−ipβ2 + ipβ1)
]
×
[
− 2 fB∗BVελνθφ(ipλ3)ǫνω(ipθ1 + iqθ)
][
− gχb0B∗B∗
]
× 1
p21 − m2B
−gατ + pα2 pτ2/m2B∗
p22 − m2B∗
−gφτ + qφqτ/m2B∗
q2 − m2B∗
,
×F 2(Λ) (11)
M(a−3) =
∫ dq
(2π)4
[
gΥB∗Bερµαβ(−ipρ0)ǫµΥ(ipβ2 − ipβ1)
]
×
[
− 2 fB∗BVελνθφ(ipλ3)ǫνω(−ipθ1 − iqθ)
][
− gχb0BB
]
×−g
αφ + pα1 p
φ
1/m
2
B∗
p21 − m2B∗
1
p22 − m2B
1
q2 − m2B
F 2(Λ),(12)
M(a−4) =
∫ dq
(2π)4
[
igΥB∗B∗ǫµΥ(ip2αgµβ − ip1βgµα − (ip2µ
−ip1µ)gαβ)
][
igB∗B∗V (−ip1ν − iqν)ǫνωgθφ
+4i fB∗B∗Vǫνω(ip3φgνθ − ip3θgνφ)
][
− gχb0 B∗B∗
]
×−g
αθ + pα1 p
θ
1/m
2
B∗
p21 − m2B∗
−gβτ + pβ2 pτ2/m2B∗
p22 − m2B∗
×−g
φ
τ + qφqτ/m2B∗
q2 − m2B∗
F 2(Λ), (13)
respectively. Similarly, we can write out the amplitudes for
Υ(5S ) → χb1ω corresponding to Fig. 1 (b-1)-(b-4), which are
M(b−1) =
∫ dq
(2π)4
[
igΥBBǫµΥ(ip1µ − ip2µ)
][
− 2 fBB∗V
×ελναβ(ipλ3)ǫνω(ipα1 − iqα)
][
igχb1 B∗Bǫθχb1
]
× 1
p21 − m2B
1
p22 − m2B
−gβ
θ
+ qβqθ/m2B∗
q2 − m2B∗
F 2(Λ),
(14)
M(b−2) =
∫ dq
(2π)4
[
gΥB∗Bερµαβ(−ipρ0)ǫµΥ(−ipβ2 + ipβ1)
]
×
[
− igBBV(−ip1ν − iqν)ǫνω
][
− igχb1B∗Bǫθχb1
]
× 1
p21 − m2B
−gαθ + pα2 p2θ/m2B∗
p22 − m2B∗
1
q2 − m2B
F 2(Λ),
(15)
M(b−3) =
∫ dq
(2π)4
[
gΥB∗Bερµλφ(−ipρ0)ǫµΥ(ipφ2 − ipφ1)
]
×
[
igB∗B∗V (ip1ν − iqν)ǫνωgαβ + 4i fB∗B∗V
×(ip3βgνα − ip3αgνβ)ǫνω
][
igχb1 B∗Bǫθχb1
]
×−g
λα + pλ1 p
α
1/m
2
B∗
p21 − m2B∗
1
p22 − m2B
×−g
β
θ + q
βqθ/m2B∗
q2 − m2B∗
F 2(Λ), (16)
M(b−4) =
∫ dq
(2π)4
[
igΥB∗B∗ǫµΥ(ip2αgµβ − ip1βgµα − (ip2µ
−ip1µ)gαβ)
][
− 2 fB∗BVελνκφ(ipλ3)ǫνω(−ipκ1 − iqκ)
]
×
[
− igχb1B∗Bǫθχb1
]−gαφ + pα1 pφ1/m2B∗
p21 − m2B∗
×−g
β
θ + p
β
2 p2θ/m
2
B∗
p22 − m2B∗
1
q2 − m2B
F 2(Λ). (17)
The hadronic loop contribution to Υ(5S ) → χb2ω is listed
in Fig. 1 (c-1)-(c-4). In these diagrams, the exchanged bottom
meson can be B meson or B∗ meson. The concrete amplitudes
are collected in the Appendix.
Considering the isospin symmetry and charge symmetry,
we obtain the total amplitude of Υ(5S ) → χb0ω
MTotΥ(5S )→χbJω = 4
4∑
j=1
M(i− j), (18)
where i = a, b, and c correspond to Υ(5S ) → χb0ω, Υ(5S ) →
χb1ω, and Υ(5S ) → χb2ω, respectively. The amplitudes of
M(a− j) andM(b− j) have been presented in Eqs. (10)-(17). The
amplitudes M(c−i) are defined as M(c−i) = MB(c−i) + MB
∗
(c−i).
With above amplitudes, the partial decay width reads as
ΓΥ(5S )→χbJω =
1
24π
|~pω|
m2
Υ(5S )
|MTot
Υ(5S )→χbJω|
2, (19)
where the overline indicates the sum over the polarization
vectors of Υ(5S ) and ω. In addition, we define |~pω| =
λ1/2(m2
Υ(5S ),m
2
χb0
,m2ω) with the Ka¨llen function λ(x, y, z) =
x2 + y2 + z2 − 2xy − 2xz − 2yz.
Adopting the similar approach, we can obtain the ampli-
tudes of Υ(5S ) → χb1ω and Υ(5S ) → χb2ω, which corre-
spond to Fig. 1 (b-1)-(b-4) and Fig. 1 (c-1)-(c-4), respectively.
In the amplitudes, we introduce a form factor in the monopole
form to depict the internal structures as well as the offshell
effect of the exchanged bottom mesons, where the form fac-
tor is taken as F (Λ) = (m2E − Λ2)/(q2 − Λ2), with mE the ex-
chagend boson mass. In the heavy quark limit, B and B∗ are
degenerate and the space wave functions of B and B∗ are the
same. Thus, in the present work, we parameterize the cutoff
Λ as Λ = (mB + mB∗)/2 + αΛΛQCD with ΛQCD = 0.22 GeV.
4TABLE I: The coupling constants of Υ(5S ) interacting with B(∗) ¯B(∗).
Here, we also list the corresponding branching ratios.
Final state B(%) Coupling Final state B(%) Coupling
B ¯B 5.5 1.77 B ¯B∗ 13.7 0.14 GeV−1
B∗ ¯B∗ 38.1 2.25
Since Υ(5S ) is above the threshold of B(∗) ¯B(∗), the coupling
constants betweenΥ(5S ) and B(∗) ¯B(∗) can be evaluated by par-
tial decay width of Υ(5S ) → B(∗) ¯B(∗). The partial decay width
and the corresponding coupling constants are listed in Table
I. If a vector boson multiplet is included, the effective La-
grangian both with pseudoscalars and vector bosons is con-
structed as in Refs. [17–20]. This Lagrangian includes only
one gauge coupling g1 in the heavy quark limit so that all of
the coupling constants are related to this gauge coupling. In
the heavy quark limit, the coupling constants of χbJB(∗)B(∗)
are related to the gauge coupling g1 by
gχb0BB = 2
√
3g1
√
mχb0 mB, gχb0B∗B∗ =
2√
3
g1
√
mχb0 mB∗ ,
gχb1BB∗ = 2
√
2g1
√
mχb1 mBmB∗ , gχb2BB = 2g1
√
mχb0
mB
,
gχb2BB∗ = g1
√
mχb2
m3B∗mB
, gχb2B∗B∗ = 4g1
√
mχb2 mB∗ ,
where we take the gauge coupling g1 = −
√
mχb0
3
1
fχb0 and fχb0 =
175± 55 MeV is the decay constant of χb0 [21]. The coupling
constants between light vector mesons and bottom mesons are
gBBV = gB∗B∗V =
βgV√
2
,
fBB∗V = fB∗B∗V
mB∗
=
λgV√
2
,
where the gauge coupling β = 0.9, λ = 0.56 GeV−1, and
gV = mρ/ fπ with pion decay constant fπ = 132 MeV [22–25].
With above preparations, we can evaluate the hadronic loop
contributions to Υ(5S ) → χbJω decays. The αΛ is introduced
as a free parameter in the cutoff Λ of the form factor. This pa-
rameter is usually dependent on particular process and taken
to be of the order of unity. In Fig. 3, we present the αΛ de-
pendence of the branching ratio of Υ(5S ) → χbJω. The ex-
perimental data from the Belle Collaboration [15, 16] are also
presented in comparison with our calculated results.
From Fig. 3, we notice that our theoretical estimate can
reproduce the experimental data given by the Belle Collabo-
ration [15, 16]. For Υ(5S ) → χb0ω, only the upper limit was
give by the experimental measurement, which is B(Υ(5S ) →
χb0ω) < 3.4 × 10−3, where our result overlaps with the ex-
perimental data when taking the range αΛ < 1.09. As for the
discussed Υ(5S ) → χb1ω and Υ(5S ) → χb2ω decays, our cal-
culation can be fitted to the corresponding experimental values
when taking 0.41 < αΛ < 0.48 and 0.43 < αΛ < 0.54, respec-
tively. Moreover, we need to emphasize that there exists a
common αΛ range 0.43 < αΛ < 0.48 for all Υ(5S ) → χbJω
decays, which reflects the similarity among these three de-
cays. With this common αΛ range, we can further restrict the
branching ratio of Υ(5S ) → χb0ω, which is 3.00 × 10−4 <
B(Υ(5S ) → χb0ω) < 4.05 × 10−4, where this branching ra-
tio is about 1 order smaller than the corresponding upper limit
reported by Belle [15, 16] , which can be tested in a future
experiment.
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FIG. 3: The branching ratios of Υ(5S ) → χbJω dependent on the
parameter αΛ. The horizontal bands are the experimental data mea-
sured by the Belle Collaboration, while the vertical bands indicate
the αΛ range when our results overlap with the Belle data.
In summary, being stimulated by the recent preliminary re-
sults of Υ(5S ) → χbJω released by Belle [15, 16], we have
studied the Υ(5S ) → χbJω decays through the hadronic loop
mechanism. In the past years, there were some experimental
[1, 6] and theoretical progresses [2, 3, 7, 8] on the Υ(5S ) de-
cays, which show that the hadronic loop mechanism can be
an important effect on the Υ(5S ) decays. The present investi-
gation provides a further test of the hadronic loop effect. Our
calculation indicates that the Belle data of Υ(5S ) → χbJω can
be reproduced when the hadronic loop mechanism is consid-
ered in Υ(5S ) → χbJω. What is more important is that there
exists a common αΛ range for all Υ(5S ) → χbJω decays,
which is due to the similarity among Υ(5S ) → χbJω with
J = 0, 1, 2. In addition, we further constrain the branching
ratio of Υ(5S ) → χb0ω by the obtained common parameter
range, which can be tested in future experiments.
APPDNDIX: THE DECAY AMPLITUDES OF Υ(5S ) → χb2ω
We collected the Υ(5S ) → χb2ω decay amplitudes, i.e.,
5MB(c−1) =
∫ dq
(2π)4
[
igΥBBǫµΥ(ip1µ − ip2µ)
][
− igBBV(−ip1ν
−iqν)ǫνω
][
− igχb2BBǫαβχb2 (−ip2α)(−iqβ)
]
× 1
p21 − m2B
1
p22 − m2B
1
q2 − m2B
F 2(Λ), (20)
MB∗(c−1) =
∫ dq
(2π)4
[
igΥBBǫµΥ(ip1µ − ip2µ)
][
− 2 fBB∗Vελνθφ
×(ipλ3)ǫνω(ipθ1 + iqθ)
][
− gχb2 B∗Bεατκζ(ipκ4)ǫαβχb2
×(−ip2β)(−iqζ)
] 1
p21 − m2B
1
p22 − m2B
×−g
φτ + qφqτ/m2B∗
q2 − m2B∗
F 2(Λ), (21)
MB(c−2) =
∫ dq
(2π)4
[
gΥB∗Bερµτκ(−ipρ0)ǫµΥ(−ipκ2 + ipκ1)
]
×
[
− igBBV(−ip1ν − iqν)ǫνω
][
− igχb2 B∗Bεαθλφ(ipλ4)ǫαβχb2
×(iqβ)(−ipφ2)
] 1
p21 − m2B
−gτθ + pτ2 pθ2/m2B∗
p22 − m2B∗
× 1
q2 − m2B
F 2(Λ), (22)
MB∗(c−2) =
∫ dq
(2π)4
[
gΥB∗Bερµτκ(−ipρ0)ǫµΥ(−ipκ2 + ipκ1)
]
×
[
− 2 fBB∗Vελνθφ(ipλ3)ǫνω(ipθ1 + iqθ)
][
gχb2B∗B∗ǫ
αβ
χb2
]
× 1
p21 − m2B
−gκα + pκ2 p2α/m2B∗
p22 − m2B∗
×
−gφβ + qβqφ/m2B∗
q2 − m2B∗
F 2(Λ), (23)
MB(c−3) =
∫ dq
(2π)4
[
gΥB∗Bερµτκ(−ipρ0)ǫµΥ(ipκ2 − ipκ1)
]
×
[
− 2 fBB∗Vελνθφ(ipλ3)ǫνω(−ipθ1 − iqθ)
]
×
[
gχb2BBǫ
αβ
χb2 (−ip2α)(−iqβ)
]−gτφ + pτ1 pφ1/m2B∗
p21 − m2B∗
× 1
p22 − m2B
1
q2 − m2B
F 2(Λ), (24)
MB∗(c−3) =
∫ dq
(2π)4
[
gΥB∗Bερµτκ(−ipρ0)ǫµΥ(ipκ2 − ipκ1)
]
×
[
igB∗B∗V (−ip1ν − iqν)ǫνωgθφ + 4i fB∗B∗V (ip3φgνθ
−ip3θgνφ)ǫνω
][
− igχb2 B∗Bεαζλδ(ipλ4)ǫαβχb2 (iqβ)(−ipδ2)
]
×−g
τθ + pτ1 p
θ
1/m
2
B∗
p21 − m2B∗
1
p22 − m2B
×−g
φζ + qφqζ/m2B∗
q2 − m2B∗
F 2(Λ), (25)
MB(c−4) =
∫ dq
(2π)4
[
igΥB∗B∗ǫµΥ(ip2δgµκ − ip1κgµδ − (ip2µ
−ip1µ)gδκ)
][
− 2 fB∗BVελνγφ(ipλ3)ǫνω(−ipγ1 − iqγ)
]
×
[
− igχb2B∗Bεαθλσ(ipλ4)ǫαβχb2 (iqβ)(−ipσ2 )
]
×−g
δφ + pδ1 p
φ
1/m
2
B∗
p21 − m2B∗
−gκθ + pκ2 pθ2/m2B∗
p22 − m2B∗
× 1
q2 − m2B
F 2(Λ), (26)
MB∗(c−4) =
∫ dq
(2π)4
[
igΥB∗B∗ǫµΥ(ip2δgµκ − ip1κgµδ − (ip2µ
−ip1µ)gδκ)
][
igB∗B∗V (−ip1ν − iqν)ǫνωgθφ + 4i fB∗B∗V
×(ip3φgνθ − ip3θgνφ)ǫνω
][
gχb2B∗B∗ǫ
αβ
χb2
]
×−g
δθ + pδ1 p
θ
1/m
2
B∗
p21 − m2B∗
−gκα + pκ2 p2α/m2B∗
p22 − m2B∗
×
−gφβ + qβqφ/m2B∗
q2 − m2B∗
F 2(Λ), (27)
which correspond to Fig. 1 (c-1)-(c-4), respectively.
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